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ABSTRACT: In this study, we developed a new flow pump permeability test to investigate the behavior of CO2 injected into
low permeable rocks. The injection of supercritical CO2 was conducted on a cored sandstone saturated with water. In addition,
numerical analysis of flow pump permeability test incorporating Darcy’s law for two phases flow analysis was developed in
order to determine the relative permeability of saturated water and of CO2 as well as the specific storage of the core during
CO2 injection. To examine the effect of CO2 state, the injection of liquid CO2 was also undertaken. It was observed that the
injection of CO2 in liquid state is able to drive more CO2 flowing through the core, yet also generate a higher hydraulic pressure
in comparison to supercritical CO2. The migration of supercritical CO2 in low permeable rocks within low gradient hydraulic
will take very long time and indicates supercritical state becomes the appropriate state of CO2 in a long-term sequestration.
Subject: Rock material and rock mass property testing
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1 INTRODUCTION
Over the past several hundred years, CO2 emissions in
the atmosphere has increased steadily and risen over the
pre-industrialized level due to intensified human activity
producing greenhouse gas emissions such as burning fos-
sil fuels for electricity generations, industries, transportations
and domestic uses. The increase of atmospheric CO2 emis-
sion has become a major contributing factor of a gradual
raise of the earth’s temperature, popularly known as global
warming. Recently, the methods of reducing CO2 emission
have been developed including carbon capture and geolog-
ical storage (CCS). The CCS is a process of separating
CO2 emission from large stationery sources such as indus-
trial plants and power stations, compressing to supercritical
state and then transporting via pipelines to suitable geolog-
ical formations such as unmineable coal beds, deep saline
aquifer, and depleted oil and gas reservoirs as long-term
sequestration of CO2 (IPCC, 2005). So far, CCS in depleted
oil and gas reservoirs is the most readily applicable since
the technique is similar to the enhanced oil recovery (EOR)
commonly applied in petroleum industries. Even though oil
and gas reservoirs remain worldwidely available, these reser-
voirs are inequitably distributed around the world. Therefore,
deep saline aquifers are recently investigated since their esti-
mated storage capacities is far largest compared to the other
formations.
A number of researchers have conducted the study of CO2
storage in deep saline aquifers. In a core scale, Perrin and
Benson (2009) undertook the injection of CO2 and brine to
sandstone obtained from the CO2 CRC-Otway Project in Aus-
tralia. By employing a CT-scan, they observed the migration
of CO2 along the sandstone pores and estimated CO2 sat-
uration that changed during the injection. They found that
heterogeneity of sandstone porosity has significant impact
on the efficiency of CO2 migration. Shi et al., (2010) per-
formed CO2 injection to Tako Sandstone saturated with brine.
They also utilized a CT-scan to map the saturation profiles
during the injection. Their findings show the heterogeneity
effect of porosity is insignificant for the case of high flow rate
employed in injecting CO2. However, the studies do not pro-
vide adequate information about the relation of the increase
of hydraulic pressure and the rise of CO2 saturation driven by
very low hydraulic gradient as representation of laminar flow
in deep underground.
In this study, we developed a new flow pump permeabil-
ity test to investigate the behavior of CO2 injected into low
permeable rocks. Olsen et al., (1985) introduced flow pump
permeability test since the conventional methods, such as the
constant head and falling head, are inaccurate and time con-
suming in measuring the hydraulic conductivity of low perme-
able rocks.The principle work of this method is that a constant-
rate flow pump is used to precisely control pore fluid transport
process in a specimen. The flow of fluid through the specimen
will generate hydraulic head that transiently increases and
subsequently stabilizes to steady state with a constant head
gradient imposed across the specimen (Esaki et al., 1996). By
using Darcy’s law, the corresponding permeability value can
be determined based on this steady state. However, since it
may take a relatively long time to achieve steady state, Morin
and Olsen (1987) developed theoretical analysis of transient
pressure response in order to determine the permeability in
early testing time by considering storage capacity of the spec-
imen. Later, Esaki et al., (1996) developed the analysis by
incorporating the storage capacity of the pump equipment in
calculating hydraulic head. In general, flow pump permeabil-
ity test is mostly used to determine the permeability of rock
injected with water in a standard room temperature. There-
fore, in dealing with CO2 injection to low permeable rocks,
a number of developments on the method are necessary to
undertake so that it will be able to work within high temper-
ature and high pressure, creating similar physical condition
of CO2 storage in deep underground expected in the depth of
800–1200 meters. At this condition, the temperature and tem-
perature of CO2 are beyond the critical point of 31.1◦C and
7.39 MPa.
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Figure 1. Schematic diagram of a new developed flow pump
permeability test.
Figure 2. Rock specimen with thermo coupler, heater bars and
temperature censors.
2 A NEW DEVELOPED LABORATORY SYSTEM OF
FLOW PUMP PERMEABILITY TEST
The development of a new flow pump permeability test mainly
focuses on creating the physical condition in which the super-
critical phase of CO2 can be maintained during the experiment.
The main problem is the vulnerability of the laboratory system
of the test to the effect of external and internal temper-
ature. The external temperature is the outdoor laboratory
temperature affected by seasonal weather, while the internal
temperature is apparatus temperatures influenced by the heat
produced from the measurement system. Unstable tempera-
tures due to external and internal effect can result in such
instability of CO2 phase leading to inaccuracy experiment.
Therefore, a greenhouse chamber where all experiment equip-
ments placed inside was constructed. A constant temperature
reservoir connected to syringe pumps, and a hemathermal cir-
culation tanks linked to a bath where the pumps submerged
were installed.These aim to control the temperature of syringe
pump and pipes, respectively. Besides that, heater bars and a
thermo coupler were attached on the specimen to control its
temperature. A data acquisition and remote measurement sys-
tem were set up to reduce direct human interference that may
affect the temperature of the laboratory system. Fig. 1 illus-
trates the schematic of a new laboratory system of flow pump
permeability test.
Figure 3. Pressures measured on the upstream and downstream
gauges during supercritical and liquid CO2 injection.
The rock specimen employed in this study was Ainoura
Sandstone obtained from Sasebo, near Nagasaki Prefecture,
Japan. The specimen was in a cored cylinder with a 50 mm
diameter, 100 mm height, and 12.6% its average porosity.
Strain gauge devices were installed to monitor shear strains
occurred during the injection (Fig. 2).
Before starting the injection of CO2 to the specimen, ini-
tial conditions were generated by loading the temperature of
the syringe pumps, pipes and pressure vessels at 35◦C, 36◦C,
and 38◦C respectively. After those temperatures becoming
stable, the confining pressure of 20 MPa and the pore pres-
sure of 10 MPa were applied on the specimen. Then, pure
water was injected to the specimen with a constant flow rate
of 3 µl/min. By using Darcy’s Law, the intrinsic permeabil-
ity of the specimen was determined based on the differential
hydraulic pressure measured during the pure water injection.
3 CO2 INJECTION TO THE ROCK SPECIMEN
SATURATED WITH WATER
The injection of supercritical CO2 into the specimen was con-
ducted for 565 hours and the pressures in the upstream and
downstream gauges were measured. As CO2 was injected, the
pressures increased gradually (Fig. 3) and the differential pres-
sure across the specimen appeared to have three conditions
(Fig. 4). First, the differential pressure increased transiently
over initial 20 hours of injection and subsequently reached a
steady state. Second, the differential pressure increased again,
and finally it decreased slowly approaching another steady
state condition.
To investigate the effect of CO2 state on its behavior in low
permeable rocks, a liquid CO2 was injected to a cored sand-
stone. The flow rate and initial pressure for those experiments
were the same of supercritical CO2 injection, yet the tem-
perature was at 20◦C. Similar results we found in the liquid
CO2 injection that as CO2 was injected, the hydraulic pressure
increase. However, it can be seen at Fig. 3 that, at the same time
interval, the magnitude of the hydraulic pressures generated
by the liquid CO2 injection is larger than that generated by the
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Figure 4. Differential pressures measured during the supercritical,
and liquid CO2 injections.
Figure 5. The stages of supercritical CO2 behavior as it is injected
to the specimen saturated with water.
supercritical CO2 injection. This might be caused by the fact
that CO2 in liquid state has lower compressibility than that in
supercritical state. As a result, liquid CO2, which is less com-
pressible, will generate a higher hydraulic pressure to keep
flow rate constant. On the other hand, supercritical CO2 just
generate low hydraulic pressure since it is more compressible.
Besides the magnitude of the hydraulic pressure, CO2 state
also affects the differential pressure across the specimen gen-
erated by CO2 injection. It is clear that supercritical CO2
injection yield a higher differential pressure than that by liquid
CO2 injection (Fig. 4). Supercritical CO2 flows through and
displaces the saturated water from the specimen pores. As the
viscosity of supercritical CO2 is lower than that of saturated
water, its front flow will be fingering so that its flow will be
unstable and very slow. Supercritical CO2 will also meet such
resistant to flow due to the presence of capillary pressure. It
must be noted, capillary pressure cannot be neglected since
very low flow rate employed in this experiment is unable to
diminish the capillary effect. That is why supercritical CO2
takes a longer time to flow through the specimen and generate
higher differential gradient. This behavior is different from
what liquid CO2 injection performing. The density and vis-
cosity of liquid CO2 is much closer to the saturated water has
contributed to the faster process of liquid CO2 flowing through
the specimen and lower generated differential pressure across
the specimen.
Based on the pattern of differential pressure obtained from
the experiment, it can be suggested that there are four stages
of conditions occurred during the injection of supercritical
CO2 into the specimen (Fig. 5). At the pre-injection condition,
the water occupies most of the specimen pores and no CO2
exists (initial stage). After the injection started, CO2 begin
to flow and penetrates the bottom of the specimen (Stage 1).
As the injection continuing, more fractions of CO2 penetrate
and occupy the specimen pores while more saturated water
displaced out (Stage 2). In this period, supercritical CO2 has
been able to penetrate the top of the specimen indicated by a
drop of downstream pressure. Finally, most of CO2 occupies
the specimen pores and just a few amounts of water trapped
(Stage 3). This stage is the period of the differential pressure
declines and stabilizes to a steady state. It seems to take a long
time to accomplish due to very low flow rate of the injection.
4 NUMERICAL ANALYSIS
3A theoretical analysis was developed in order to interpret the
experimental result. The analysis is based on the flow pump
permeability test analysis (Esaki et al. 1996) extended to deal
with two phases flow analysis.The total flow entering the spec-
imen is the accumulation of the flow of displacing CO2 and
displaced water at time t minus the volume absorbed within
the compressible pump test system per unit time interval. The
model does not consider the gravitational effect and chemical
process such as solubility that may affect the experiment. The
governing equation and the boundary conditions were solved
using Laplace transforms.
The hydraulic gradient distribution in the specimen can be
expressed as follow:
In which δ= Ce/(ASs) and βn are the roots of the following
equation
where H = the hydraulic head across the specimen;
Qi(t) = low rate into the upstream end of specimen at time t;
L = the length of the specimen; Krnw = relative permeability
of CO2; Krw = relative permeability of water; A = the cross-
sectional area of the specimen; K = intrinsic permeability
of the specimen; t = time from the start of the experiment;
µw = dynamic viscosity of water; µnw = dynamic viscosity
of CO2, Ce = storage capacity of the flow pump system;
z = vertical distance along the specimen; and Ss = specific
storage of specimen.
The analytical solution to determine the parameters of Krnw,
Krw, and Ss from the experimental measurement of hydraulic
gradient across the specimen (Eq. 1) is impossible to imple-
ment. Therefore, a numerical analysis was conducted by using
the parameter identification method, the method that has been
developed in the general context of system engineering and
applied to flow pump permeability test proposed by Esaki
et al., (1996). The numerical simulation was conducted by
fitting the hydraulic gradient obtained from the experiment
and that from the theoretical analysis. Fig. 6a shows, the rel-
ative permeability of water significantly decreases while that
of CO2 gradually increases. It is also shown that the signif-
icant decrease of the relative permeability of water occur in
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Figure 6. (a) Relative permeability, (b) Specific storage of the
specimen obtained from the numerical analysis.
the transition period from the displaced water to the displacing
CO2in the specimen, similar to what we observed in Stage 2 in
the experimental investigation. Figure 6b shows the increase
of the storage capacity of the specimen as CO2 injected,and
the large increase found in the transition period or Stage 2.
5 CONCLUSIONS
This paper has examined the behavior of supercritical and liq-
uid CO2 injected to a cored sandstone using a new developed
flow pump permeability test. A numerical simulation based
on the theoretical analysis of flow pump permeability test
extended to deal with Darcy’s law for two phases flow was
developed. It has been observed that CO2 state has signifi-
cant effect on CO2 behavior. The injection of CO2 in liquid
state can drive more CO2 penetrating the specimen, however,
it will generate high hydraulic pressure. This study also shows
the migration of supercritical CO2 take very long time indi-
cating the supercritical state has become the appropriate state
of CO2 in a long-term sequestration.
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